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LONG-TERM GOALS

Thegoalsof this projectare(1) to improve thealgorithmsfor computationalmodelingof local oceanic
regions that have significant interactionswith their surroundingregions and (2) to simulateand un-
derstandthe controlling processesfor dynamicalcouplingandmaterialexchangesbetweennear-shore
regionsovercontinentalshelvesandadjacentoff-shoreregions.

OBJECTIVES

The objectivesof this projectare(1) to continuethe developmentof the Regional OceanicModeling
System(ROMS) with respectto its hydrodynamicalgorithms,physicaltransportparameterizations,and
rangeof representedbiogeochemicalprocesses;(2) to further refineandapply its nestingcapabilities
usingadaptiveopen-boundaryconditions(OBCs)for imposinglarge-scaleboundarydata;(3) to develop
a multi-level, multi-grid embeddingcapability in ROMS for simultaneouslycalculatingsolutionson
coarse-resolution(parent)andfine-resolution(child) grids; (4) to useROMS to investigatedynamical
couplingandmaterialtransportbetweennear-shoreandoff-shoreregionsalongtheNorthAmericanWest
Coast(NAWC), with specialattentionto Monterey Bay(MB), theSouthernCaliforniaBight (SCB),and
theGLOBECNE Pacificregionoff OregonandNorthernCalifornia;and(5) to useROMSto investigate
the responseof the NAWC region to remoteforcing in the Pacific basinandthe influenceof NAWC
coastalphenomena(e.g., upwelling)on Pacificbasin-scalephenomena.

APPROACH

Theprimarydesigngoal for ROMS is to producelimited-area,high-resolution,realisticcoastalsimula-
tionsin anefficientmanneronparallelcomputers.Thetechnicalapproachis computationalsimulationof
oceanicfieldsfor velocity, temperature,andsalinity; chemicalconcentrationsof nutrients,O� , CO� , etc.;
planktonicpopulations;andmobilesediments.ROMS is basedon thehydrostaticPrimitive Equations
in terrain-following curvilinear coordinateswith a free uppersurface. The boundary-valueproblems
thatareour focusarefor variousregionaldomainsalongtheNAWC (e.g., Marchesielloet al., , 2002)
with specifiedsurfaceforcing fieldsandboundarydata,takeneitherfrom climatologyor from theout-
put from a whole-Pacific ROMS configuration.Theoutermostboundarydataareimposedby adaptive
OBCs(Marchesielloet al., , 2001),andwe have developedandimplementeda hierarchicalembedding
capabilityfor the local, fine-resolutiongrid in a sub-domainwithin thecoarse-resolutiongrid spanning
the entiredomain(Penven et al., , 2002a).Key researchersat UCLA on this projectareXavier Capet
(newly arrived),PatrickMarchesiello,JamesMcWilliams, PierrickPenven(now departed),andAlexan-
derShchepetkin,aswell asMeinteBlaas,HartmutFrenzel,NicholasGruber, andKeithStolzenbachfor
biogeochemicalandsedimentaryissues.LaurentDebreu(LMC, Grenoble,France)is a collaboratoron
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methodsof embeddedgridding.

WORK COMPLETED

ROMS Algorithms and Submodels: Theprincipalalgorithmicdevelopmentsduringthisperiodarefur-
therrefinementsof theexternal/baroclinicmode-couplingandtime-steppingschemewith exactmaterial
conservation andsubstantiallyextendedtemporalstability andefficiency (Schepetkin& McWilliams,
2002b)anda new approachto calculatingpressure-gradientforceandthecompressibilityin the equa-
tion of statefor seawater basedon a reconstructionof both the densityfield and the physical-height

� -coordinateascontinuousfunctionsof the transformedcoordinates,with subsequentanalyticintegra-
tion (Ezeret al., , 2002;Schepetkin& McWilliams, 2002a).Wealsoaddedamessage-passingcapability
into ROMS for distributed-memorymultiprocessors,as an alternative to its previous shared-memory
parallelization,andwe arein theprocessof carryingthis to a fully two-level hybrid parallelization,ap-
propriateto distributedclustersof shared-memorymultiprocessors(e.g., IBM Blue Horizonat SDSC).
We are developing a seriesof submodelswhich increasethe degreeof realismin coastalmodeling.
Theseincludea K-Profile planetaryboundarylayer (Large et al., , 1994), tides,ecosystem(nitrogen
cycle; Stolzenbachet al., , 2002),biogeochemistry(carboncycle), 3D Lagrangiantrajectorytracking,
andsedimenttransport(includingsurfacewaveeffects).

Figure 1: Lagrangian trajectories
of near-surface floats releasedin or
closeto Monterey Bay andadvected
for a month, superimposedon mean
seasurfaceheight [ � ] for the same
month.Boundariesof the1.5km and
5 km child gridsaremarkedby black
straightlines.

In ROMS thegoverningequationsaresolvedusingspatialdiscretizationwheremodelvariablesare
computedat fixed points (Eulerianapproach).However, for diagnosingcirculation (e.g., drifters) as
well asbiogeochemical(e.g., bioluminescence)tracers,adescriptionfollowing fluid parcelscanbevery
useful(Lagrangianapproach).To becompatiblewith embeddedgridding,our float trackingprocedures
ensurethat thefinestresolutionavailableis usedfor trajectorycomputations:we monitorfloat position
relative to grid boundaries,thentransferfloatsfrom onegrid level to anotheraccordingly;we thereby
avoidexchanginginformationrightattheinterfacewheremaximumdiscontinuitiesoccur. Toaccomplish
the latterour testshave shown thata buffer distanceequivalentto five grid cellsallows a fairly smooth
transition(Fig.??) without loosingtoomuchof thefine-gridcomputationalarea.

Embedded Gridding: SinceROMS is discretizedon a structuredgrid, local refinementcanbeaccom-
plishedvia nestedgrids. Themultiple gridsinteractthrough(a) lateralboundaryconditionsfor thefine
grid suppliedby thecoarse-gridsolutionand(b) revision of thecoarse-gridsolutionfrom thefine grid
solutionin theareacoveredby bothgrids.(Whenonly (a) is done,it is called1-waynesting;if (b) is also
done,it is called2-waynesting.)Thiscanbedonerecursively overseverallevelsof grid refinement.We
have now implementedthis approachusingtheAGRIF (Adaptive Grid Refinementin Fortran)package
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(Blayo& Debreu,1999),althoughwearenow recodingthisto beindependentof AGRIF, to allow greater
freedomin the2-way algorithmicoptions. We have implementedthis in two NAWC configurations:a
3-level configurationfor the centralupwelling region aroundMonterey anda 4-level configurationin
the SCB.We have assessedthe performanceof 1-way nestingby analyzinglengthysolutionsfor each
site (Figs. ??-??; Penven et al., , 2002a)andarenow beginning to test2-way solutions. In order to
improve the AGRIF procedureandadaptedsomeof our submodels(tides,trajectories)to nesting,we
have madeadditionaldevelopments.We have implementedradiationmethodsbasedon our experience
of openboundaryconditionsto furtherrid theinterfacebetweenchild andparentgridsof their solution
differencesby usinganadaptationof theFlatherradiationcondition(Marchesielloet al., , 2001). This
performsquite well for the externalgravity waves in the tides,andeven for the baroclinicmodeand
tracers;preliminaryresultsareencouraging,showing lower levelsof discontinuityat thegrid interface.

Coastal Science and Forecast System: We have extensively analyzedphysicalandecosystemsimula-
tionsof theCaliforniaCurrentSystem(Marchesielloet al., , 2002;Stolzenbachet al., , 2002). Mech-
anisticstudiesweremadeof the influenceof along-shoretopographicfeaturesin enhancingupwelling
(Songet al., , 2002)andof the responseto variousmesoscalewind patternsusingnew scatterometer
andCOAMPS analyses(Penven et al., , 2002b),aswell asto surfaceheat-andwater-flux anomalies.
Thebiogeochemicalmodelwasextendedfrom its original nutrient/phytoplankton/zooplanktonecosys-
tempopulationdynamicsto alsoencompassabioticcarboncycling andoxygenutilization. Weareusing
the Monterey andSCB embedded-gridconfigurations(seeResults)to investigatenear-shore/offshore
dynamicalcouplingandmaterialtransport;sub-mesoscale,ageostrophicinstability of coastaljets; and
islandwakes.Weareworkingwith JPLto computeandanalyzedecadallyvarying,Pacific-basin,ROMS
solutions(with 0.5

�
resolution)that will soonprovide OBCs for the NAWC regional modelsandul-

timately be combinedwith themusingembeddedgridding. Finally, alsowith JPL, we have recently
proposedto ONR to develop a MB forecastingsystemusingROMS in supportof the AOSN-II field
experimentduringthesummerof 2003.

RESULTS

Thisyearwecompletedourstudyof theequilibriumstructureanddynamicalmechanismsof regional
andmesoscalevariability in theCaliforniaCurrentSystem(CCS)in aUSWC(Marchesielloet al., , 2002;
Stolzenbachet al., , 2002). Our currentfocusis on usingembeddedgridding to investigatefiner scale
circulationsactingundertheinfluenceof theCCSandtheassociatedoffshore/nearshoreexchanges.We
arenow examiningthecentralandsouthernCaliforniaregions,andlater intendto make similar studies
for theGLOBECexperimentsin northernCaliforniaandAlaska.

Monterey Bay: Thenestingcapabilityhasbeenextensively testedonthe2-level configurationthatcov-
ersthecentralupwellingregion aroundMonterey embeddedinto a domainincludingthewholeUSWC
at 15 km resolution,initially with only 1-way coupling(Penvenet al., , 2002a).Theprimarygoal is to
simulatemesoscalefluctuationswell in a large-regionalenvironmentwith computationalefficiency. The
recursive integrationproceduremanagesthetime evolution for thechild grid duringthetime stepof the
parentgrid (Fig. ??). Longtermsimulationsareconductedto obtainmean-seasonalstatisticalequilibria.
Thefinal solutionshow only slight discontinuitiesat theparent-childdomainboundaryanda valid rep-
resentationof theupwellingstructureataCPUcostonly slightly greaterthanfor theinnerregionalone.
In comparisonto theparentmodelin thesamearea,thechild modelpreservesthelargescalecirculation
but showsstrongermeanders,longerfilaments,narrowerupwellingfronts,anddeepintrusionsof warm,
off-shorewatercloserto the shoreline.The resultsof the child modelarecomparedto the outputsof
a whole USWC modelat 5 km resolution,aswell asto two othermodelsbasedon the child grid but
employing OBCsbasedon differentclimatologicaldatasets.Eachmodelreproducesqualitatively the
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Figure2: (Left) Temporalcouplingbetweenaparentandchild grid. (Middle) Positionsof theparent(o) andchild
(.) grid pointsaroundPointConceptionfor the15+5km MB configuration.(Right) Seasurfacetemperaturefor
this15+5+1.5km MB configuration,wheretheinterfacesbetweenparentandchild gridsaremarked.

upwellingstructure,but a statisticalanalysisrevealsstrongdifferencesdependingon theboundarycon-
ditions.Althoughit shows aneddyvariability about10 % to 20 % smallerthanthelarge-scalemodelat
high resolution,theembeddedsolutionis by far theclosestto theUSWCmodelcomparedto thepurely
local models.We now areworking with a 3-level embeddedconfigurationof this region (Fig. ??) and
maysoonimplementa4th level with 0.5km resolution.Ourprimarypurposeis to determinetherole of
local eddiesandfronts,shapedby theMB canyon andsurroundingcapesandridgesandcorresponding
synopticwind patterns,in regulatingthematerialtrajectoriespassingbetweentheshelfandtheoffshore
CCS.
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Figure3: (a) Instantaneoussurfacetemperatureandcurrentson thechild grids in the3-level SCBconfiguration;
(b) close-uparoundSantaMonica Bay for depth-integratedtracerconcentration20 daysafter its releaseon the
shelf;(c) Timeevolution of volume-integratedtracerconcentration(scaledby its initial value)for 3 realizations.

Southern California Bight: TheSCBformsa complex bathymetricregion extendingfrom thecoastto
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200 km offshore. Contraryto the California coastnorth of Point Conception,it is shelteredfrom the
strongupwelling-favorablewinds (Caldiera& Marchesiello,2002). As a result, the local circulation
patternsareprimarily driven by the interactionbetweenbathymetryandremotelyforcedcurrents. A
major problemin the heavily populatedSCB is coastalwaterquality. A long-termgoal is to useand
developROMS to ultimatelyallow marinescientiststo predictbeachpollution. The local, small-scale
dynamicsin the SCB alsosetup an ideal caseto be studiedwithin the embeddeddomains.We have
conducteda set of experimentsin a 3-level configurationin which a passive tracerwas releasedon
theSantaMonicaandSanPedroshelves(all grid pointswithin the300m isobath),andits subsequent
spreadingwastracked. Typical circulationregimeshave beenselectedfrom theaforementionedmulti-
yearsimulations:onein which theflow throughSanPedroChannelwasequatorwardandtwo in which
this flow was opposite(often referredto as equatorward and poleward push; Hickey et al., , 2002).
During the poleward pusha basin-wideanticyclonic circulationcell waspresentin the SMB, whereas
duringtheequatorwardpushtheflow throughtheSMB wasmorelaminarandsluggish.Thesedifferent
flow structuresareexpectedto have a significanteffect on therenewal of theshelfwaters.To quantify
this, the averageresidencetime within the SMB hasbeencalculated(Fig. ??a-c). Eddiesslow down
the flushingby retainingthe tracerin the domainuntil they leave the areaas whole, then taking the
majorityof thematerialwith them.A snapshotof thetracerconcentrationin Fig. ??b showsthetrapping
of materialwithin the eddyat themomentit is aboutto leave thedomain. Theseresultsaregenerally
consistentwith of sanitation-agency bacterialsurveys (City of L.A., 1999)andthe currentpatternsof
Hickey et al., (2002). They alsopoint out the importanceof both remoteforcing enablingtheflushing
andlocal eddiesthateffectively retainmaterialon the shelf. The modelallows us to studyfurther the
spatialcharacteristicsof theobserveddisturbances,theirgenerationprocess,andtheirrolein theflushing
of thebasins.

IMPACT/APPLICATIONS

The validatedtechnicalinnovationsin our evolving modelareprototypesfor future improvementsin
operationalobserving-system,data-assimilation,and predictioncapabilities. The scientific issuesof
near-shore/off-shorecouplingandmaterialexchangearecentralonesin coastaloceanography.

TRANSITIONS

Onetangiblemeasureof theutility of our resultsis thatotherresearchersareeitherusingour evolving
ROMS codeor adaptingits algorithmsfor their own code. Currentusersof our versionof ROMS
includeChaoandLi (NASA/JPL),Miller andCornuelle(SIO), Moisan(NASA/Wallops),andtheMB
NOPPSCOPEteam—Chavez(MBARI), Chai (Maine),et al., . ArangoandHaidvogel (Rutgers)have
adaptedmany featuresfor theirversionof ROMS.In thenearfutureweanticipateadditionalusers,partly
throughtheONR-sponsored,terrain-coordinatemodeldevelopmentproject(TOMS).

RELATED PROJECTS

Our recentventureinto coastaloceanographynow extendsinto severalrelatedprojects.We beganwith
a focuson the SCB, especiallywith regard to its waterquality [a California SeaGrantproject]. We
arein themiddleof anONR projectfor developingadvancedcomputationalalgorithmsfor ROMS.We
havea joint projectwith Chao[NASA/JPL]onusingembeddedgridsin ROMSfor studyingEasternand
WesternBoundaryCurrentinteractionswith theNorth Pacific gyres[NASA]. We have a projectjointly
with Moisan(NASA), Miller andCornuelle(SIO), andHaidvogel andWilkin (Rutgers)to model the
coastalcarboncycle [NASA]. We arepartnersin theNOPPSCOPEprojectfor developingmodelsand
analysesfor the Monterey NationalMarine Sanctuary. We have alsosubmitteda proposalto ONR to
participatein theAutonomousOceanSamplingNetwork II field experimentin summer, 2003.
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